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Case-control analyses of resistant versus susceptible isolates have implicated fluoroquinolone exposure as a
strong risk factor for fluoroquinolone-resistant isolates of Enterobacteriaceae. We suspect that such method-
ology may overestimate this association. A total of 84 cases with fluoroquinolone-resistant isolates and 578
cases with fluoroquinolone-susceptible isolates of Escherichia coli or Klebsiella pneumoniae were compared with
608 hospitalized controls in parallel multivariable analyses. For comparison of previous estimates, the results
of 10 published case-control studies of risk for fluoroquinolone resistance in isolates of Enterobacteriaceae were
pooled by using a random-effects model. Exposure to fluoroquinolones was significantly positively associated
with fluoroquinolone resistance (odds ratio [OR], 3.17) and negatively associated with fluoroquinolone sus-
ceptibility (OR, 0.18). Multivariable analyses yielded similar estimates (ORs, 2.04 and 0.10, respectively). As
data on antibiotic exposure were limited to inpatient prescriptions, misclassification of fluoroquinolone
exposure in persons who received fluoroquinolones as outpatients may have led to an underestimation of the
true effect size. Pooling the results of previously published studies in which a direct comparison of fluoro-
quinolone-resistant and fluoroquinolone-susceptible cases was used resulted in a markedly higher effect
estimate (OR, 18.7). Had we directly compared resistant and susceptible cases, our univariate OR for the
association between fluoroquinolone use and the isolation of resistant Enterobacteriaceae would have been 19.3,
and the multivariate OR would have been 16.5. Fluoroquinolone use is significantly associated with the
isolation of fluoroquinolone-resistant Enterobacteriaceae; however, previous studies likely exaggerated the

magnitude of this association.

Since their introduction in the 1980s, fluoroquinolones have
been used extensively due to their broad antimicrobial spec-
trum, availability in both oral and parenteral formulations, and
low toxicity profile. Fluoroquinolones have become the first-
line treatment for urinary tract infections in many areas where
resistance to trimethoprim-sulfamethoxazole is prevalent (37),
and with the introduction of newer spectra of quinolones, their
use for respiratory infections has increased dramatically (36).

Large surveillance studies of clinical isolates in North Amer-
ica and Europe have detected fluoroquinolone resistance in a
wide range (1 to 20%) of Escherichia coli and Klebsiella pneu-
moniae isolates, depending on the organism and agent being
tested (7, 17, 24, 32-34). Of most concern is that resistance
may be increasing; Livermore et al. identified an increasing
prevalence of fluoroquinolone resistance among blood culture
isolates of E. coli (from 0.8 to 3.7%) and K. pneumoniae (from
3.5t07.1%) between 1990 and 1999 (23). Another large survey
recently confirmed an increase in ciprofloxacin resistance from
1994 to 2000 among common gram-negative organisms, includ-
ing E. coli and K. pneumoniae (27).

A variety of mechanisms may lead to quinolone resistance;
these include target modification of the DNA gyrase and to-
poisomerases and decreased drug concentrations within bac-
teria mediated by efflux pumps and a loss of porins. Organisms
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such as E. coli are believed to require several mutational events
to develop resistance to fluoroquinolones (16). Although it is
possible to select fluoroquinolone-resistant isolates of Enter-
obacteriaceae by performing serial passages in the presence of
subinhibitory concentrations of various fluoroquinolones (9), it
is considered relatively difficult (35). In contrast to these lab-
oratory observations, it is believed that resistance to fluoro-
quinolones emerges often in clinical isolates of Enterobacteri-
aceae.

Numerous case-control studies have examined risk factors
for the isolation of fluoroquinolone-resistant Enterobacteri-
aceae from clinical specimens. All have identified previous
fluoroquinolone exposure—either as prophylaxis (4, 28) or as
treatment (5, 6, 8, 10, 21, 25, 29, 30)—as a significant risk
factor. Notably, all of these prior studies compared cases with
fluoroquinolone-resistant organisms to controls with suscepti-
ble organisms. As was shown in previous studies (3, 13-15), this
methodology distorts and likely overestimates the association
of prior antimicrobial use, since patients infected with suscep-
tible organisms are unlikely to have previously received an
agent that would be active against these organisms.

In order to provide a less biased estimate of the association
between fluoroquinolone use and resistance for E. coli and K.
pneumoniae, we performed a case-case-control study as sug-
gested by Kaye et al. (18). In this study, we compared cases
with fluoroquinolone-resistant E. coli or K. pneumoniae iso-
lates to hospitalized controls without positive clinical cultures.
We conducted a parallel analysis in which cases with fluoro-
quinolone-susceptible isolates and hospitalized controls were
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compared. In order to demonstrate how our study results de-
viate from those of studies with the “conventional” methodol-
ogy, we also conducted a meta-analysis of case-control studies
that examined risks for fluoroquinolone resistance by using a
comparison of resistant cases and susceptible controls.

MATERIALS AND METHODS

Study design. We performed a retrospective case-case-control study at the
Beth Israel Deaconess Medical Center, a 508-bed tertiary-care hospital in Bos-
ton, Mass. Patients were eligible for inclusion in the study if they were admitted
to a medical or surgical service between October 1999 and August 2001. Pedi-
atric, obstetrics and gynecology, and psychiatry patients were not included in the
study. The study was reviewed and approved by the Committee on Clinical
Investigations of the Beth Israel Deaconess Medical Center.

Data were abstracted from the hospital computerized clinical, administrative,
pharmacy, and laboratory data repositories by using data management software
(Microsoft Access, Redmond, Wash.). We identified the two groups of cases by
using the microbiology database. Case patients with fluoroquinolone-resistant E.
coli or K. pneumoniae isolated from clinical specimens after at least 48 h of
hospitalization were assigned to the resistant case group. Case patients with
fluoroquinolone-susceptible E. coli or K. pneumoniae isolates obtained after at
least 48 h of hospitalization were assigned to the susceptible case group. Each
patient was included as a subject only once, at the time of the initial positive
culture. Isolates were identified to the species level. MICs were determined by
using the Vitek 2 system (bioMeriéux, Inc., Durham, N.C.). Isolates were con-
sidered resistant to fluoroquinolones when the MIC of levofloxacin was =4
pg/ml or when the MIC of ciprofloxacin was =2 pg/ml.

Control subjects were randomly selected from patients who were admitted for
at least 48 h during the study period and who had no positive cultures for the
study organisms. The control group was used as the comparison group for both
case groups.

Patient data. For all patients, information on demographics, comorbidities,
and antibiotic exposures was obtained from hospital relational databases. Risk
factors assessed included age (<65 years or =65 years), gender, elective admis-
sion (versus urgent or emergent), transfer from another site, surgical procedure
or intensive care unit stay during admission, and days at risk (days of hospital-
ization prior to isolation of organisms for cases or days of hospitalization for
controls). Comorbidities were acquired from International Classification of Dis-
eases (ninth revision) diagnostic codes. Antibiotic use during the hospitalization
but prior to the isolation of a positive culture was documented and categorized
by agent. There were no missing data for the outcome variable or other variables.
All risk factors were analyzed as binary variables, except for days at risk, which
was a continuous variable.

Statistical analysis. We performed parallel case-control analyses of resistant
cases versus controls and susceptible cases versus controls to evaluate the rela-
tionship between each variable and the likelihood of isolating an organism. For
the univariate analysis, discrete variables were assessed by using the chi-square
test. P values, odds ratios (ORs), and 95% confidence intervals were obtained.
The continuous variable days at risk was assessed by using the Wilcoxon rank-
sum test.

In an additional step prior to the construction of multivariable models, time-
adjusted univariate analysis was performed. The effect of each variable in com-
bination with the variable days at risk was studied for association with the
outcome by using logistic regression. The purpose of this step was to control for
the influence of duration of hospitalization prior to the isolation of an organism
for cases or length of stay for controls. We also examined the association between
fluoroquinolone use and the isolation of either E. coli or K. pneumoniae sepa-
rately in a stratified analysis. We did not pursue a multivariable analysis stratified
in this manner due to an insufficient number of cases.

Variables with a P value of <0.05 in a time-adjusted univariate analysis were
included in parallel multivariable analyses by using logistic regression. The vari-
able days at risk was forced into both models. Each model was further refined by
removing all nonsignificant variables that were not confounders. A number of
variables did change the B estimate by >10% and were considered confounders
and included in the final model. No colinear variables were identified (as deter-
mined by a change in the standard error of >10%). For ease of comparison
between the parallel case-control studies, two final models were constructed by
using identical variables. For a variable to be included, it had to be significantly
associated with either outcome in a time-adjusted univariate analysis. This prop-
erty did not have a significant impact on the variables of interest, nor did it
introduce collinearity or confounding. A bootstrap analysis of 1,000 repetitions

ASSOCIATION BETWEEN QUINOLONE USE AND RESISTANCE 1935

was performed on the final models to test for overfitting. Finally, to illustrate the
marked divergence in effect estimates obtained by standard case-control analysis
compared to those obtained by our case-case-control analysis, we performed
standard univariate and multivariable analyses with our own data. The statistical
software used for these analyses was SAS version 8 (SAS Institute, Cary, N.C.).

Comparison to previous studies. Case-control studies from English language
articles published between 1966 and September 2002 were identified with a
Medline search by using the following key words: drug resistance, quinolones,
risk factors or case-control studies, and Enterobacteriaceae or Escherichia coli or
Klebsiella pneumoniae. Studies were included if they were case-control studies
comparing cases with fluoroquinolone-resistant E. coli or K. pneumoniae clinical
isolates to controls with fluoroquinolone-susceptible isolates. In these studies,
fluoroquinolone exposure could be in the context of treatment or prophylaxis.
Studies were evaluated for suitability by two of us (M.K.B. and Y.C.) based on
the above-mentioned predefined criteria.

The risk of isolating fluoroquinolone-resistant E. coli or K. pneumoniae fol-
lowing fluoroquinolone exposure was abstracted from each study. Crude ORs
and 95% confidence intervals were calculated by using the primary data reported
for the study. We used the DerSimonian-Laird random-effects model to obtain
pooled estimates of the ORs and 95% confidence intervals. We tested for
heterogeneity in the results of different studies by using the Q statistic and
considered heterogeneity to be significant when the P value was <0.10. The
statistical software used for these analyses was STATA version 7.0 (Stata Cor-
poration, College Station, Tex.).

RESULTS

Patient characteristics:. In our center, the prevalence of
fluoroquinolone resistance rose 14% over the short time pe-
riod of this study; in the year from August 1999 to July 2000,
7% of E. coli and 14% of K. pneumoniae isolates were resistant
to levofloxacin. In the following year, from August 2000 to July
2001, 8% of E. coli and 16% of K. pneumoniae isolates were
resistant to levofloxacin.

We identified 84 subjects with fluoroquinolone-resistant En-
terobacteriaceae isolated from clinical specimens. A total of 33
of the organisms were E. coli (39%), and 51 were K. pneu-
moniae (61%). The median age of the population was 72 years,
the median days at risk was 8.5 days (mean, 13.5), and 45%
were male. There were 578 subjects with fluoroquinolone-
susceptible Enterobacteriaceae; 381 of the organisms were E.
coli (66%), and 197 were K. pneumoniae (34%). The median
age of the population was 70 years, the median days at risk was
4.0 days (mean, 6.3), and 32% were male. The majority of the
resistant isolates were from urine cultures (45.1%), while re-
spiratory isolates represented 34.2% of samples and blood
cultures represented 6.1% of samples. The majority of suscep-
tible isolates were also from urine cultures (71.1%), with re-
spiratory isolates contributing 14.9% and blood isolates con-
tributing 4.4%. These two groups were compared to 608
control subjects with no target Enterobacteriaceae isolated dur-
ing their admissions. The median age of controls was 64 years,
the median length of stay was 4.0 days (mean, 5.5), and 49%
were male. Table 1 shows the distribution of demographics,
comorbidities, and previous antibiotic use for each of these
populations.

Univariate results. (i) Comparison of fluoroquinolone-resis-
tant cases with controls. Time-adjusted univariate results for
the outcome of isolation of fluoroquinolone-resistant organ-
isms are presented in Table 1. Cases were more likely to have
been in the intensive care unit. Of the comorbidities evaluated,
cardiovascular disease, respiratory disease, renal disease, and
hepatic disease were all more common in cases. Prior use of a
number of antimicrobial agents was associated with the isola-
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TABLE 1. Time-adjusted univariate risk factors for isolation of fluoroquinolone-resistant and fluoroquinolone-susceptible E. coli
and K. pneumoniae®

No. (%) of: Univariate result for the following comparison:
Cases Resistant vs control Susceptible vs control
Variable Controls
Resistant Susceptible (n = 608) OR Cor?ﬁs(;ygnce P OR Cor?ﬁs(;ygnce P
(n = 84) (n = 578) . .
interval interval

Demographics

Age of =65 yr 49 (58.33) 360 (62.28) 300 (49.34) 1.50 0.91-2.47 0.11 1.69  1.34-2.13  <0.0001

Male 38 (45.24) 185 (32.01) 299 (49.18) 0.81 0.49-1.33 0.41 0.48  0.38-0.61  <0.0001

Elective admission 7(8.33) 100 (17.30)  117(19.24) 051 0.23-1.16 0.11 090  0.67-1.20 0.47

Transfer 18 (21.43) 140 (24.22) 80 (13.16) 1.71 0.91-3.22 0.09 2.08 1.53-281 <0.0001

Surgery 34 (40.48) 227(39.27) 176 (28.95) 1.23 0.74-2.07 0.43 152 1.19-1.95 0.0008

Intensive care unit stay 50 (59.52) 246 (42.56) 108 (17.76)  4.26  2.51-7.20 <0.0001 341 259-4.48  <0.0001
Comorbidities

Cardiovascular disease 68 (80.95) 425 (73.53)  386(63.49) 234 1.28-4.31 0.006 159  1.24-2.04 0.0003

Respiratory disease 47 (55.95) 172 (29.76) 136 (22.37) 298 1.79-4.95 <0.0001 1.41 1.09-1.84 0.0103

Renal disease 24 (28.57) 79 (13.67) 54 (8.88) 2.63  1.42-4.86 0.002 155 1.07-2.24 0.021

Hepatic disease 14 (16.67) 59 (10.21) 46 (7.57) 224 1.10-4.57 0.027 1.37  0.92-2.07 0.13

Transplant 2(2.38) 5(0.87) 11 (1.81) 1.64  0.35-7.65 0.53 0.48  0.17-1.39 0.18

Malignancy 7(8.33) 105 (18.17) 93 (15.30) 0.44 0.19-1.06 0.067 122 0.90-1.65 0.21

Diabetes mellitus 25 (29.76) 131 (22.66) 157 (25.82) 1.12 0.65-1.94 0.68 0.84  0.65-1.10 0.21
Antibiotic exposure

Fluoroquinolones 53 (63.10) 47 (8.13) 158 (25.99) 317 1.89-5.31 <0.0001  0.18 0.13-0.27  <0.0001

Levofloxacin 36 (42.86) 25 (4.33) 101 (16.61)  2.62 1.55-4.42 0.0003 0.16  0.10-0.26  <0.0001

Ciprofloxacin 25 (29.76) 29 (5.02) 65 (10.69) 2.15 1.16-3.97 0.015 038  0.24-0.61  <0.0001

Vancomycin 47 (55.95) 101 (17.47) 63 (10.36) 6.63 3.73-11.76  <0.0001 1.68  1.17-2.42 0.005

Penicillins 21 (25.00) 65 (11.25) 65 (10.69) 2.08 1.12-3.84 0.020 097  0.67-1.41 0.87

B-Lactamase inhibitors” 3(3.57) 12 (2.08) 17 (2.80) 0.95 0.26-3.46 0.93 0.63  0.29-1.35 0.23

Narrow-spectrum and extended- 13 (15.48) 84 (14.53)  143(23.52) 0.46 0.23-0.93 0.030 052 0.38-0.70  <0.0001

spectrum cephalosporins

Broad-spectrum cephalosporins 27 (32.14) 36 (6.23) 58 (9.54) 214 1.13-4.02 0.019 051  0.32-0.81 0.004

Imipenem 2(2.38) 3(0.52) 3(0.49) 0.40  0.04-4.53 0.46 0.73  0.14-3.83 0.71

Clindamycin 7(8.33) 37 (4.67) 31 (5.10) 1.10  0.41-2.99 0.85 0.88  0.52-1.49 0.63

Aminoglycosides 19 (22.62) 31 (5.36) 27 (4.44) 392 1.87-8.23 0.0003  1.12  0.66-1.92 0.67

Metronidazole 39 (46.43) 78 (13.49) 83 (13.65) 3.74 2.20-6.34 <0.0001 0.87 0.62-1.23 0.44

“ Time-adjusted univariate results were obtained by examining the effect of each variable in combination with days at risk on the association with outcome of the

isolation of a resistant or susceptible organism.
b Beta-lactam-beta-lactamase inhibitor combinations.

tion of fluoroquinolone-resistant organisms; these agents
included fluoroquinolones, levofloxacin, ciprofloxacin, vanco-
mycin, penicillins, broad-spectrum cephalosporins, aminogly-
cosides, and metronidazole. Prior use of narrow-spectrum and
extended-spectrum cephalosporins was the only variable that
was protective against the isolation of fluoroquinolone-resis-
tant organisms. Fluoroquinolone use was a risk factor for the
isolation of resistant E. coli (OR, 4.03; P = 0.0002) and K.
pneumoniae (OR, 2.59; P = 0.006) when the organisms were
analyzed separately.

(ii) Comparison of fluoroquinolone-susceptible cases with
controls. Time-adjusted univariate results for the isolation of
fluoroquinolone-susceptible E. coli or K. pneumoniae are pre-
sented in Table 1. Cases were more likely to be older than 65,
have been transferred from another institution, have had sur-
gery, have had an intensive care unit stay, and have cardiovas-
cular disease, respiratory disease, and renal disease. Male gen-
der was protective against the isolation of susceptible
organisms. Of the antimicrobial agents studied, only prior van-
comycin use was associated with the isolation of fluoroquin-
olone-susceptible organisms. A number of antimicrobial
agents were protective against the isolation of fluoroquinolo-

ne-susceptible organisms; these agents included fluoroquino-
lones, levofloxacin, ciprofloxacin, and narrow-spectrum, ex-
tended-spectrum, and broad-spectrum  cephalosporins.
Fluoroquinolone use was protective against the isolation of
susceptible E. coli (OR, 0.10; P < 0.0001) and K. pneumoniae
(OR, 0.36; P < 0.0001) when the organisms were analyzed
separately.

Multivariable results. (i) Comparison of fluoroquinolone-
resistant cases with controls. Table 2 presents the results of
multivariable logistic regression for the outcome of isolation of
fluoroquinolone-resistant Enterobacteriaceae. These results are
adjusted for days at risk, as well as for other factors found to be
significant by univariate analysis at a P value of <0.05. Vari-
ables that were found to be significant included an intensive
care unit stay, cardiovascular disease, prior fluoroquinolone
use, vancomycin use, and aminoglycoside use. Bootstrapping
confirmed the stability of this model. A separate model was run
to examine the significance of prior use of the individual flu-
oroquinolone antibiotics. Ciprofloxacin was identified as a risk
factor (OR, 2.5; P = 0.01), but levofloxacin was not (OR, 1.6;
P = 0.16). Intensive care unit stay, cardiovascular disease,
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TABLE 2. Multivariable model of risk factors for isolation of fluoroquinolone-resistant and fluoroquinolone-susceptible Enterobacteriaceae

Fluoroquinolone-resistant isolates Fluoroquinolone-susceptible isolates

Variable 95% Confidence 95% Confidence
OR i interval P OR i interval P
Days at risk 1.02 0.98-1.06 0.43 1.04 1.01-1.07 0.024
Age of =65 yr 1.22 0.67-2.21 0.52 1.61 1.20-2.15 0.002
Male 0.71 0.40-1.24 0.23 0.40 0.30-0.53 <0.0001
Transfer 0.99 0.46-2.11 0.98 1.47 1.03-2.09 0.034
Surgery 1.26 0.66-2.40 0.48 1.74 1.26-2.42 0.001
Intensive care unit stay 2.65 1.38-5.10 0.003 3.33 2.36-4.71 <0.0001
Cardiovascular disease 2.17 1.02-4.62 0.044 0.96 0.70-1.32 0.80
Respiratory disease 1.71 0.94-3.14 0.081 1.47 1.07-2.01 0.017
Fluoroquinolones 2.04 1.09-3.81 0.026 0.10 0.06-0.17 <0.0001
Vancomycin 3.17 1.62-6.19 0.001 1.46 0.90-2.37 0.121
Narrow-spectrum and extended-spectrum 0.54 0.24-1.19 0.13 0.33 0.23-0.49 <0.0001
cephalosporins

Broad-spectrum cephalosporins 0.98 0.44-2.17 0.96 0.42 0.24-0.76 0.004
Aminoglycosides 3.73 1.51-9.23 0.004 0.89 0.43-1.83 0.76
Metronidazole 1.33 0.68-2.61 0.41 2.15 1.31-3.51 0.002

¢ Also controlled for renal disease, hepatic disease, and penicillin use, which were not significant in either model. The final models were constructed by using identical
variables for ease of comparison between parallel case-control studies. For a variable to be included, it had to be significantly associated with either outcome
(fluoroquinolone-resistant or fluoroquinolone-susceptible organism) in a time-adjusted univariate analysis. Simplified models were also examined; in these, only
variables significantly related to a single outcome in a time-adjusted univariate analysis were included. In the simplified model of risk factors for fluoroquinolone-
resistant organisms, the risk associated with fluoroquinolone use had an OR of 2.42 and a confidence interval of 1.35 to 3.45. In the simplified model of risk factors

for fluoroquinolone-susceptible organisms, the risk associated with fluoroquinolone use had an OR of 0.10 and a confidence interval of 0.06 to 0.17.

vancomycin use, and aminoglycoside use remained significant
risk factors with this substitution.

(ii) Comparison of fluoroquinolone-susceptible cases with
controls. Table 2 presents the results of multivariable logistic
regression for isolation of fluoroquinolone-susceptible Enter-
obacteriaceae. Significant risk factors included days at risk, age
greater than 65 years, transfer from an outside institution,
surgery, intensive care unit stay, and respiratory disease. Male
gender was protective against the isolation of susceptible or-
ganisms. Of the antimicrobial agents studied, only metronida-
zole use proved to be a risk factor for the isolation of suscep-
tible organisms. Antimicrobial agents that were protective
against the isolation of susceptible organisms included fluoro-
quinolones and narrow-spectrum, extended-spectrum, and
broad-spectrum cephalosporins. Bootstrapping confirmed the
stability of this model. When levofloxacin use and ciprofloxacin
use were substituted for fluoroquinolone use, both were found
to be significant protective factors (ORs, 0.08 and 0.27, respec-
tively; P values for both, <0.0001).

When we performed a standard case-control analysis of our
data (i.e., comparing patients with resistant isolates to patients

of previous fluoroquinolone exposure upon the outcome of
isolation of a fluoroquinolone-resistant organism are pre-
sented in Table 3. For most of the studies, only univariate
results were available. Fluoroquinolone use was a risk factor
for the isolation of resistant E. coli or K. pneumoniae in all of
these studies; the ORs ranged from 4.4 to 273. Pooling the
univariate ORs from these studies led to an OR of 18.7 (95%
confidence interval, 10.0 to 34.9) for fluoroquinolone use. The
results of these studies were heterogeneous (Q = 17.8 [df, 9];
P = 0.038). Figure 1 shows plots of the univariate ORs from
the various studies as well as the pooled OR.

DISCUSSION

Fluoroquinolone use and resistance to fluoroquinolones are
increasing. In our institution, in the year from August 2002 to

TABLE 3. Case-control studies of fluoroquinolone-resistant and
fluoroquinolone-susceptible Enterobacteriaceae

95% Confidence

with susceptible isolates), our univariate OR for the associa- Reference Yr OR interval
tion between fluoroquinolone use and the outcome of isolation
of resistant Enterobacteriaceae was 19.3 (P < 0.0001), and the 4a 1995 273 15.7-4751
ltivariabl h | 6 1995 15.7 2.2-680.5
multivariable QR was 16..5 (P < 0.0001). T ese values are 30 1995 442 8.8-221.9
about six to eight times higher than those obtained by case- 10 1998 4.4 1.1-19
case-control analysis—3.17 and 2.04, respectively. 8 1999 46 17-117
Meta-analysis. Ten case-control studies comparing cases 21 1999 9.2 3-27
ith resistant organisms to controls with susceptible organisms 28 1999 18 5349
wi nt organisr ¢ p & 29 2000 7.6 2.7-21.5
met the criteria for inclusion (4-6, 8, 10, 21, 25, 28-30). A 5 2001 35.9 12.2-105
case-control study by Muder et al. was not included because 25 2001 16.3 1.3-203

fewer than 10% of the gram-negative organisms isolated were
either E. coli or K. pneumoniae (26). Another study was not
included because it was published after our analysis was com-
plete (20).

The included studies and their associated ORs for the effect

“ Due to the presence of a zero cell in the primary data, recalculation of the
OR required the addition of 1 to each cell. The choice to add 1 rather than 0.5
was believed to be more conservative, as the effect on the OR was minimized.
The adjusted OR and confidence interval were 19.09 and 2.2 to 166, respectively.

® Adjusted OR and confidence interval, 31.3 and 3.3 to 291, respectively.

¢ Adjusted OR, 14.
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FIG. 1. Effect of fluoroquinolone use on the isolation of fluoroquinolone-resistant Enterobacteriaceae. Results from standard case-control
studies are shown. Stippled boxes, ORs for the individual studies; black regions, pooled ORs. From top to bottom, the names at the left correspond

to references 4, 6, 30, 5, 8, 25, 29, 21, 10, and 28.

July 2003, resistance to levofloxacin was present in 12% of E.
coli isolates and 25% of Klebsiella spp., representing a greater
than 70% increase in resistance since the beginning of the
study period and continuing the concerning trend noted during
that period. At the same time, dollars expended to purchase
fluoroquinolones in our center increased by 27% from fiscal
year 2001 to fiscal year 2003. The main finding of our study
using the case-case-control methodology was that fluoroquin-
olone use was indeed a risk factor for the isolation of fluoro-
quinolone-resistant E. coli or K. pneumoniae from clinical spec-
imens. However, this association appears to have been
overestimated in previous studies, as evidenced by the com-
parison of the results of the current study with a meta-analysis
of previous case-control studies. The meta-analysis revealed
that the standard case-control approach yields higher effect
estimates of the association between fluoroquinolone use and
resistance. We have demonstrated that these estimates may be
biased, as fluoroquinolones were actually found to be highly
protective against the isolation of fluoroquinolone-susceptible
organisms in our case-case-control analysis. As a consequence,
using subjects with susceptible isolates as the control group
inflates the risk of prior fluoroquinolone use upon the isolation
of fluoroquinolone-resistant organisms. This finding was em-
phasized by performing a standard case-control analysis with
our data; this analysis led to higher ORs that were on the same
order of magnitude as the ORs from the meta-analysis of
case-control studies.

A variety of antimicrobial agents appeared to be associated
with the subsequent isolation of both susceptible and resistant
Enterobacteriaceae. Many of the antimicrobial agents with
spectra of activity against gram-negative organisms were iden-
tified on univariate analysis but were eliminated on multivari-
able analysis. Fluoroquinolone, aminoglycoside, and vancomy-
cin use remained a significant risk factor on multivariable
analysis, and bootstrapping validated these results.

Both aminoglycosides and vancomycin may have been iden-
tified as risk factors because they are frequently used as em-
pirical broad-spectrum coverage for the most ill patients.
These antibiotics may simply be serving as markers for these
very ill patients, who are often prescribed multiple antibiotics
and are vulnerable to infection with resistant organisms. An-
other possible explanation for this finding is the principle of
coselection; i.e., a bacterium that is resistant to multiple drugs
(e.g., aminoglycosides and fluoroquinolones) may be selected
for by any one of those drugs. Alternatively, certain bacterial
resistance mechanisms may confer resistance to more than one
agent—efflux pumps exemplify this principle. In a survey of
fluoroquinolone resistance among clinical isolates, Sahm et al.
found that fluoroquinolone resistance never occurred indepen-
dently of resistance to at least one other agent (33). Acquisi-
tion of resistance may occur in a stepwise manner and be
dependent upon exposure to several agents (12). Since hospi-
talized patients often receive more than one antibiotic, it is
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difficult to determine which agent is responsible for the devel-
opment of resistance and cross-resistance.

The role of vancomycin as a putative risk factor for the
isolation of fluoroquinolone-resistant E. coli or K. pneumoniae
defies these explanations, since vancomycin is not active
against gram-negative bacteria and the mechanisms of resis-
tance appear to be completely independent. Other case-con-
trol studies of gram-negative organisms (14, 31) have identified
vancomycin as a risk factor. A possible explanation could be
the effect of vancomycin upon normal gram-positive flora,
which clears the way for colonization with nosocomial enteric
gram-negative species. This observation deserves further study.

Fluoroquinolone use was protective against the isolation of
susceptible organisms. This was true for both ciprofloxacin and
levofloxacin. In addition to this finding, the use of all spectra of
cephalosporins was protective against the isolation of suscep-
tible Enterobacteriaceae. This finding is likely due to their
known activity against these organisms. Only one antibiotic
agent, metronidazole, was identified as a risk factor for the
isolation of fluoroquinolone-susceptible Enterobacteriaceae.
This agent has been implicated as an important risk factor for
other resistant organisms, including vancomycin-resistant en-
terococci (11). Its effects are believed to occur through its
activity against anaerobic gut flora; through the reduction of
colonization resistance, an ecological niche is provided for
resistant enteric organisms.

The chief limitation of our study is the lack of data on
outpatient use of antibiotics. As the fluoroquinolone class is so
commonly used in the ambulatory setting, a number of patients
may have received outpatient therapy and been misclassified as
not having exposure to these agents, a situation which could
have led to an underestimation of the magnitude of association
between fluoroquinolone exposure and the subsequent isola-
tion of resistant bacteria. There is no question that knowing
the impact of outpatient antibiotic use upon the development
of bacterial resistance would be invaluable, if only such infor-
mation could be reliably ascertained. The efforts of Lauten-
bach et al. in this regard serve as a model for future investi-
gation; these authors performed extensive chart review in
order to more accurately characterize antibiotic exposure in
the 30 days prior to infection of patients at outside hospitals
and long-term care facilities and in the outpatient setting (20).
The size of the study population in the current study made such
chart review not feasible.

As a case-control study, this work was not designed to prove
causality, which would require a clinical trial. Additionally, the
patient populations in our study differed substantially from one
another. We used multivariable analysis to control for this
difference as a source of confounding but cannot rule out the
possibility of unmeasured confounders influencing our results.
Other investigators using case-case-control methodology have
used as a control group a random sample of all patients with-
out resistant organisms isolated from cultures; this strategy
leads to the inclusion of a small number of cases with suscep-
tible organisms in the control group (14). While we acknowl-
edge that this situation is more accurate from an epidemiologic
perspective, it would have eliminated the possibility of using
the same comparison group for both case groups. In our study,
patients with susceptible target isolates comprised less than 1%
of the total number of patients admitted. We believe that the
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removal of such patients from our control group would be an
acceptably small source of bias.

Although all of our microbiology information was from clin-
ical specimens, we did not try to distinguish between true
infection and colonization with these organisms. Presumably,
cultures would be obtained only if there were clinical suspicion
of infection. However, for epidemiologic purposes, this situa-
tion should not be of major importance, as both groups con-
tribute to the burden of resistance, as described by the colo-
nization pressure (1). Additionally, both colonized and
infected patients can transmit resistant organisms, and those
colonized may become infected with the same organism later
in the study period. Indeed, the lack of surveillance could have
resulted in the misclassification of individuals in the control
group as not infected with either resistant or susceptible or-
ganisms. The lack of surveillance cultures may also contribute
to detection bias, which is a concern given the very real differ-
ences between characteristics of the case group population and
those of the control group population. The patient characteristics
that prompted clinicians to treat with antimicrobial agents likely
also prompted the acquisition of clinical cultures and could have
contributed to the observed association between treatment with
antimicrobial agents and subsequent infections. One method to
control for this situation is to use propensity scoring—e.g., for the
propensity to be treated with fluoroquinolones (2). Propensity
scoring was not performed in this study because of our focus on
the case-case-control methodology.

We did not perform clonal typing of these organisms; thus,
we cannot conclude definitely whether any outbreak or clonal
spread influenced our results. If clonal dissemination of resis-
tant strains were responsible for some portion of the resistant
organisms present, then we might expect to find a weaker as-
sociation between antibiotic exposure and resistance. Review
of infection control records failed to demonstrate any outbreak
of fluoroquinolone-resistant Enterobacteriaceae during the study
period. Previous investigators suggested that horizontal trans-
mission contributes minimally to the emergence of resistance
in nosocomial gram-negative organisms (19, 22).

As we have noted, fluoroquinolones are prescribed fre-
quently in our institution—more than a quarter of the subjects
in our control group were prescribed a fluoroquinolone anti-
microbial agent. Disturbingly, this practice appears to be in-
creasing at our center and across the United States (27). Such
a high prevalence of fluoroquinolone use may have influenced
the magnitude of the association that we found between fluo-
roquinolone use and resistance. While our extensive fluoro-
quinolone use may make our results less generalizable to cen-
ters with more restrained use, we nonetheless believe that our
practices are reflective of those of many other centers.

We conclude that fluoroquinolone exposure was associated
with the subsequent isolation of fluoroquinolone-resistant
Enterobacteriaceae. However, the magnitude of the association
was smaller than has been described by previous case-control
studies. We acknowledge that a single study based on 84 re-
sistant isolates cannot invalidate the findings of multiple pre-
vious studies, but we do suggest that others attempt to confirm
our findings at other centers in order to more accurately esti-
mate the association between fluoroquinolone exposure and
subsequent resistance. We acknowledge that the lack of data
on outpatient fluoroquinolone exposure may have contributed
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to the finding of a weaker association between exposure and
resistance, and we suggest that future studies attempt to cap-
ture data on outpatient antibiotic use. It must be stated that it
is not the intent of these authors to exonerate fluoroquinolones
as agents that select for antimicrobial drug resistance or to
encourage their use. Prudent and responsible use of all anti-
microbial drugs remains crucial in preventing the selection of
resistant bacteria.
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